Interstitial flow in and around tumor tissue affects the mechanical microenvironment to modulate tumor cell growth and metastasis. We investigated the roles of flow-induced shear stress in modulating cell cycle distribution in four tumor cell lines and the underlying mechanisms. In all four cell lines, incubation under static conditions for 24 or 48 h led to G0/G1 arrest; in contrast, shear stress (12 dynes/cm 2 ) induced G2/M arrest. The molecular basis of the shear effect was analyzed, and the presentation on molecular mechanism is focused on human MG63 osteosarcoma cells. Shear stress induced increased expressions of cyclin B1 and p21 CIP1 and decreased expressions of cyclins A, D1, and E, cyclin-dependent protein kinases (Cdk)-1, -2, -4, and -6, and p27 KIP1 as well as a decrease in Cdk1 activity. Using specific antibodies and small interfering RNA, we found that the shear-induced G2/M arrest and corresponding changes in G2/M regulatory protein expression and activity were mediated by ␣v␤3 and ␤1 integrins through bone morphogenetic protein receptor type IA-specific Smad1 and Smad5. Shear stress also down-regulated runt-related transcription factor 2 (Runx2) binding activity and osteocalcin and alkaline phosphatase expressions in MG63 cells; these responses were mediated by ␣v␤3 and ␤1 integrins through Smad5. Our findings provide insights into the mechanism by which shear stress induces G2/M arrest in tumor cells and inhibits cell differentiation and demonstrate the importance of mechanical microenvironment in modulating molecular signaling, gene expression, cell cycle, and functions in tumor cells.
Interstitial flow in and around tumor tissue affects the mechanical microenvironment to modulate tumor cell growth and metastasis. We investigated the roles of flow-induced shear stress in modulating cell cycle distribution in four tumor cell lines and the underlying mechanisms. In all four cell lines, incubation under static conditions for 24 or 48 h led to G0/G1 arrest; in contrast, shear stress (12 dynes/cm 2 ) induced G2/M arrest. The molecular basis of the shear effect was analyzed, and the presentation on molecular mechanism is focused on human MG63 osteosarcoma cells. Shear stress induced increased expressions of cyclin B1 and p21 CIP1 and decreased expressions of cyclins A, D1, and E, cyclin-dependent protein kinases (Cdk)-1, -2, -4, and -6, and p27 KIP1 as well as a decrease in Cdk1 activity. Using specific antibodies and small interfering RNA, we found that the shear-induced G2/M arrest and corresponding changes in G2/M regulatory protein expression and activity were mediated by ␣v␤3 and ␤1 integrins through bone morphogenetic protein receptor type IA-specific Smad1 and Smad5. Shear stress also down-regulated runt-related transcription factor 2 (Runx2) binding activity and osteocalcin and alkaline phosphatase expressions in MG63 cells; these responses were mediated by ␣v␤3 and ␤1 integrins through Smad5. Our findings provide insights into the mechanism by which shear stress induces G2/M arrest in tumor cells and inhibits cell differentiation and demonstrate the importance of mechanical microenvironment in modulating molecular signaling, gene expression, cell cycle, and functions in tumor cells. mechanical force ͉ BMP ͉ differentiation ͉ Runx2 M echanical microenvironment plays important roles in modulating tissue development, maintenance, and remodeling and in cellular responses and functions (1) . Interstitial fluid flow in and around tissue affects the mechanical microenvironment, including the shear stress and pressure force acting on the cell surface and the tethering force acting on cell-matrix connections (2) . These interstitial flow-induced forces can modulate tumor metastasis and invasion as well as anticancer drug delivery (3) .
Although the influence of interstitial fluid flow on tumor pathobiology and drug delivery has been studied, the effect of the flow-induced shear force on tumor cells has not been much explored. Compressive forces have been shown to inhibit tumor cell growth (4) and up-regulate adhesion molecules (5) . A recent study reported that tumor cell proliferation is affected by intratumoral pressure and that activation of mitogen-activated protein kinases and nuclear antigen Ki-67 is involved in this mechanical modulation (6) . Although these results show that mechanical forces can modulate tumor cell responses, the detailed mechanisms by which mechanical stimuli are transduced into cellular signaling to regulate tumor cell gene expression and functions remain unclear.
Integrins have been implicated as mechanosensors in many types of cells seeded on extracellular matrix (ECM) (7), but their role in modulating mechanical responses of tumor cells remains unclear. Smad proteins, including bone morphogenetic proteins (BMPs) receptor-regulated Smads (R-Smads, i.e., Smad1/5/8), play important roles in modulating tumorigenesis (8) . BMPs transduce signals by means of heteromeric complex formation of cognate type I (i.e., BMPRIA or BMPRIB) and type II serine/ threonine kinase receptors, leading to phosphorylation of Smads and activation of runt-related transcription factor 2 (Runx2), which plays essential roles in mesenchymal lineage cell differentiation (9) . Smad proteins can modulate cell proliferation and cell cycle, which is controlled by its regulatory proteins, including cyclin-dependent protein kinases (Cdks) and their regulatory subunits cyclins, as well as inhibitors such as p27 KIP1 and p21 CIP1 (10) . The functional significance of Smad proteins in modulating mechanical responses of tumor cells has not been reported.
We investigated the regulatory effects of shear stress on cell cycle distribution in four tumor cell lines and the underlying mechanism. In these tumor cells, shear stress induces a G 2 /M cell cycle arrest that is mediated by ␣ v ␤ 3 and ␤ 1 integrins through BMPRIA-specific Smad1/5 and accompanied by corresponding changes in cell cycle regulatory protein expression and activity. Shear stress down-regulates the Runx2 binding activity in MG63 cells and inhibits their differentiation. Our findings provide evidence for the importance of mechanical microenvironment in modulating tumor cell responses and tumor pathobiology and generate insights into mechanisms of shear-regulation of tumor cell cycle and differentiation.
Results

Shear Stress Induces G 2 /M Arrest and Corresponding Changes in Cell
Cycle Regulatory Protein Expression in Tumor Cells. Effects of shear stress in cell cycle distribution were studied in four tumor cell lines (human MG63 and Saos2 osteosarcoma cells, SCC25 oral squamous carcinoma cells, and SW1353 chondrosarcoma cells). Cells were kept as controls or subjected to shear stress (12 dynes/cm 2 for 24 and 48 h). Flow cytometry showed that incubation of these tumor cells under static conditions for 24 or 48 h led to increases in cell percentage in G 0 /G 1 phases and decreases in synthetic and/or G 2 /M phases (Table 1) , indicating a G 0 /G 1 arrest. Application of shear stress to these tumor cells caused significant increases in cell percentage in the G 2 /M phases and decreases in the G 0 /G 1 phases compared with cells under static conditions for the same periods.
We investigated the molecular basis of this shear effect, and the presentation is focused on human MG63 osteosarcoma cells.
Application of shear stress to MG63 cells for 24 or 48 h increased cyclin B1 and p21 CIP1 expressions and decreased Cdk1 expression (Fig. 1) . The decrease in Cdk1 expression was accompanied by an increase in its tyrosine 15 phosphorylation, indicating a shear-induced decrease in Cdk1 activity (11) . Shear stress also decreased expressions of cyclins A, D1, and E, Cdk-2, -4, and -6, and p27 KIP1 .
Shear Stress Induces Sustained Phosphorylations of Smad1/5 in MG63
Cells Through BMPRIA. Application of shear stress to MG63 induced a rapid increase (within 10 min) in Smad1/5 phosphorylation, which reached a maximal level Ϸ10 times static controls within 1 h, and then declined but remained elevated after 24 h of shearing ( Fig. 2A) . The increases of Smad1/5 phosphorylation were similar with shear stresses of 2, 12, and 20 dynes/cm 2 , indicating that the shear-induced Smad1/5 activations were shear dose-independent over the range tested (Fig. 2B) . Pretreating MG63 cells with Noggin, a specific antagonist that binds to To study the types of BMP receptor responsible for the shear-activation of Smad1/5, MG63 cells were transfected with BMPRIA-or BMPRIB-specific siRNA (40 nM), which reduced the expressions of corresponding receptor proteins by Ϸ2/3 of that with control siRNA (Fig. 2D) , and then exposed to shear stress for 30 min. The shear-induced Smad1/5 phosphorylation was abolished by BMPRIA-specific siRNA, but not inhibited by BMPRIB-specific siRNA (Fig. 2E ).
Shear-Induced G2/M Arrest in Tumor Cells Is Mediated by Smad1/5.
MG63 cells were transfected with Smad1-or Smad5-specific siRNA (40 nM), which caused 80-90% reductions in expressions of the corresponding Smad (Fig. 3A) , and then kept under static conditions or exposed to flow for 48 h. Under static condition, MG63 cells transfected with Smad1-or Smad5-specific siRNA (compared with control siRNA, 40 nM) did not alter their cell cycle distribution (Table 2) . After shear stress, MG63 cells transfected with either Smad5-or Smad1-specific siRNA had significantly higher cell percentage in G 0 /G 1 and synthetic phases and a lower cell percentage in G 2 /M phases, when compared with cells transfected with control siRNA (Table 2) . Transfection with Smad1-or Smad5-specific siRNA (compared with control siRNA) resulted in significant inhibitions of the shear-induced up-regulation of Cdk1 tyrosine 15 phosphorylation (Fig. 3B ). Smad1-specific and Smad5-specific siRNAs have some differential actions, with the former inhibiting the shear-induced cyclin A down-regulation and cyclin B1 up-regulation and the latter the shear-induced p21 CIP1 up-regulation. Neither Smadspecific siRNA had significant effects on the shear-induced changes of the other cell cycle regulatory proteins (Fig. 3B ).
␣v␤3 and ␤1 Integrins Mediate Shear-Induced Smad1/5 Phosphorylation and G 2/M Arrest in Tumor Cells. MG63 cells were pretreated with RGDS (Arg-Gly-Asp-Ser), which blocks the cell-ECM interaction mediated by the integrin-recognition sequence RGD (Arg-GlyAsp) on ECM proteins, or with specific antibodies against ␣ v ␤ 3 and ␤ 1 integrins and then kept under static condition or exposed to flow for 30 min. Pretreatments with RGDS and integrin antibodies significantly inhibited the shear-induced Smad1/5 phosphorylation compared with cells pretreated with control RGES (Arg-Gly-GlaSer) or IgG (Fig. 4A) . The inhibitions of shear-induced Smad1/5 phosphorylation by blocking ␣ v ␤ 3 and ␤ 1 integrins were substantiated by transfections of cells with ␣ v -, ␤ 1 -, and ␤ 3 -specific siRNAs (40 nM for each), which also showed significant inhibitory effects on shear-induced Smad1/5 phosphorylation (Fig. 4B) . ␣ v -and ␤ 3 -specific siRNAs had 50-60% blocking effects on their respective integrin expression; the ␤ 1 -specific siRNA almost totally abolished the ␤ 1 expression (Fig. 4C) . Transfections with dominant-negative mutants of Shc and focal adhesion kinase (FAK) (compared with empty vector pcDNA3) did not have significant effects on shear- MG63 cells were transfected with control siRNA (siCL) or specific siRNA of Smad1 (siSmad1) or Smad5 (siSamd5) (40 nM for each) for 48 h or pretreated with control IgG or a specific antibody against ␣v␤3 (Anti-␣v␤3) or ␤1 (Anti-␤1) (10 g/ml for each) for 2 h and then were kept under static conditions (Control) or exposed to flow induced Smad1/5 phosphorylation (Fig. 4D) . Pretreatment of MG63 cells with specific antibodies against ␣ v ␤ 3 and ␤ 1 did not affect cell cycle distribution in static control cells, but under shear stress they caused significant increases in cell percentage in G 0 /G 1 or synthetic phases and decreases in G 2 /M phases ( Table 2) .
Shear Stress Inhibits MG63 Cell Differentiation and Runx2 Binding
Activity in the Nucleus. MG63 cells were kept as controls or exposed to shear stress for 1, 3, 6, and 24 h, and their expressions of differentiation marker genes, i.e., osteocalcin (OCN) and alkaline phosphatase (ALP), were examined. Shearing for 6 and 24 h resulted in significant decreases in OCN and ALP gene expressions (Fig. 5A ). These effects of shearing on MG63 cells were substantiated by the shear-induced decreases of the activities of ALP and luciferase, which was determined by transfection of cells with OCN-Luc containing the promoter region of the human OCN gene in front of the luciferase gene (Fig. 5B) . Because the promoter regions of the OCN and ALP genes contain the Runx2-binding domain that is responsible for the modulation of these genes (9), we tested whether shear stress regulates the Runx2 binding activity in MG63 cells. The results of electrophoretic mobility shift assay (EMSA) obtained by incubating nuclear protein extracts of the cells with oligonucleotides corresponding to the Runx2-binding sequences of the OCN promoter showed that shear stress caused sustained decreases in the Runx2 binding activity over the period tested (24 h of flow) (Fig. 5C) . As positive controls, treatment of MG63 cells with BMP-4 for 6 and 24 h induced Runx2 binding activity. The specificity of this binding for Runx2 was shown by its abolition by coincubation of nuclear proteins with 20-fold unlabeled oligonucleotides and by supershifting in the gel mobility after preincubation of nuclear proteins with an antibody to Runx2. (Fig. 5D ) and nuclear binding activity for Runx2 (Fig. 5E) . The shear-induced down-regulations of OCN and ALP expressions were also inhibited by pretreating MG63 cells with a specific antibody against ␣ v ␤ 3 or ␤ 1 (Fig. 5F ). These results suggest that the shear-induced inhibition of MG63 cell differentiation was mediated by ␣ v ␤ 3 and ␤ 1 integrins through Smad5, but not Smad1.
Discussion
The aim of this study was to investigate the roles of shear stress in cell cycle distribution in tumor cells and the underlying Fig. 4 . Shear-induced Smad1/5 activations are mediated by ␣v␤3 and ␤1 integrins in MG63 cells. (A) MG63 cells were pretreated with RGDS peptides (500 g/ml) or specific antibodies against ␤1 (Anti-␤1) or ␣v␤3 (Anti-␣v␤3) for 2 h (10 g/ml each) and kept under static conditions (C) or subjected to shear stress (12 dynes/cm 2 ) (S) for 30 min. As controls, the cells were pretreated with RGES (500 g/ml) and nonspecific control IgG (10 g/ml). mechanism. In a series of systematic studies, we have characterized the mechanisms by which shear stress regulates cell cycle in tumor cells through specific integrins and their modulations of BMP receptor-specific Smads, as summarized in Fig. 6 . Our study has generated the following findings: (i) This work shows that shear stress induces a G 2 /M cell cycle arrest in several types of tumor cells. This shear-induced G 2 /M arrest is associated with corresponding changes in the expression and activity of G 2 /M regulatory proteins. (ii) Our study showed a signaling pathway from integrins to BMPRIA-specific Smads (independent of BMPs) that modulates the expression of cell cycle regulatory proteins and hence cell cycle distribution in tumor cells in response to mechanical forces. (iii) In addition to regulating cell cycle, shear stress can inhibit the differentiation of osteosarcoma cells by inhibiting Runx2 binding activity in the nucleus. These shear-induced inhibitions in Runx2 activity and cell differentiation are mediated by ␣ v ␤ 3 and ␤ 1 integrins through Smad5 but not Smad1 (Fig. 6) . Thus, our findings provide insights into the molecular mechanisms by which flow-induced shear force regulates cell cycle and differentiation in tumor cells.
Cell cycle arrest is a major cellular response to DNA damage before the decision to repair or die. In cell cycle progression, increasing accumulations of cyclin D-Cdk4/6 and cyclin A/ECdk2 complexes regulate the transition through G 1 and synthetic phases. The subsequent G 2 -M transition is mainly regulated by cyclin B-Cdk1 activity, which is suppressed by Cdk1 phosphorylation on tyrosine 15 during G 2 /M (11). Recent studies showed that tumor cell cycle arrest at G 2 /M is associated with an increase in cyclin B1 (12) . In addition to inhibiting Cdk-2, -4, and -6 activities and promoting G 1 -synthetic phase transition, p21 CIP1 can accumulate in nuclei near the G 2 /M boundary and cause a transient block in late G 2 phase (10). These reports suggest that a decrease in Cdk1 activity and increases in cyclin B1 and p21 CIP1 expressions can promote cell cycle arrest at the G 2 /M phases. In the present study, we found that shear stress caused sustained decreases in Cdk1 activity (due to Cdk1 tyrosine 15 phosphorylation) and increases in cyclin B1 and p21 CIP1 expressions; these shear-induced modulations of G 2 /M regulatory protein expression and activity would contribute to the shear-induced G 2 /M arrest in tumor cells.
BMPRIA-specific Smad signaling has been shown to suppress tumorigenesis at gastric epithelial junctional zones (8) . Mice with a conditional inactivation of the BMPRIA or overexpressing a BMP antagonist in the intestine develop intestinal tumors. Mice with Smad4-deficient T cells develop epithelial cancers in the intestinal tract (13) . These results suggest that the BMPRIAspecific Smad signaling may play tumor-suppressive roles. Using specific siRNAs of different BMP receptors (i.e., BMPRIA and BMPRIB), our study showed that the shear-induced Smad1/5 activation was mediated by BMPRIA. This shear-induced Smad1/5 activation was not due to autocrine effect of BMPs released from sheared cells, because it is not inhibited by a specific BMP antagonist Noggin. Our results also demonstrated that the shear-induced BMPRIA-specific Smad1/5 activation contributes to the shear-induced G 2 /M arrest in tumor cells by modulating the expression and activity of G 2 /M regulatory proteins. Thus, shear stress may play tumor-suppressive roles by inducing a G 2 /M cell cycle arrest in tumor cells through the BMP-independent activation of BMPRIA-specific Smad signaling pathway.
The blockade of the shear-induced Smad1/5 phosphorylation by using RGD peptide, specific integrin antibodies, and specific siRNAs provides evidence that ␣ v ␤ 3 and ␤ 1 integrins act as upstream signaling molecules for the shear-induced Smad1/5 activation in tumor cells. The detailed mechanism by which ␣ v ␤ 3 and ␤ 1 mediate shear-induced Smad1/5 activation remains unclear. It is not likely that Shc and FAK participate in the modulation of shear-induced Smad1/5 activation by integrins, because transfection of MG63 cells with their dominant-negative mutants did not inhibit the Smad1/5 response to shear. There is evidence that integrins may be cooperative with receptors of several growth factors, including insulin receptor and plateletderived growth factor-␤ receptor, to form integrin-receptor heteromeric complexes in mediating downstream signaling cascades (14) . Our coimmunoprecipitation experiments using an antibody against ␣ v ␤ 3 or ␤ 1 , followed by Western blot analysis using an antibody against BMPRIA or BMPRIB, however, did not show increases in the formation of integrin-BMP receptor complexes in the sheared MG63 cells (data not shown). The mechanism by which integrins mediate BMPRIA-specific Smad signaling in tumor cells in response to shear stress warrants further investigations.
In addition to being an important regulatory transcription factor for mesenchymal lineage cell differentiation (9), Runx2 has been shown to activate expressions of adhesion proteins, matrix metalloproteinases, and angiogenic factors in tumor cells and promote tumor metastasis (15) . Inhibition of Runx2 in MDA-MB-231 cells transplanted to bone inhibits tumorigenesis and prevents osteolysis (16) . These results suggest that inhibition of Runx2 activity may have therapeutic potential against tumor development. Our demonstration that shear stress induces a down-regulation of Runx2 activity in human osteosarcoma cells support the notion that shear stress may act as a tumor suppressor by inhibiting Runx2 activity in tumor cells, thereby inhibiting tumor growth and metastasis.
It is difficult to directly measure interstitial flow velocities and the resulting shear stresses in vivo because of their slowness and heterogeneity (2) . Measured velocities have been reported to vary between 0.1 and 4.0 m/s (17, 18) . Using a mathematical model of interstitial pressure-fluid flow, Jain et al. (19) showed that the interstitial fluid velocity in tumors is nearly zero in the center and increases rapidly in the periphery. In the present study, we studied one carcinoma line (i.e., human SCC25 oral squamous carcinoma cells) and three sarcoma lines (i.e., human MG63 and Saos2 osteosarcoma cells and SW1353 chondrosarcoma cells). These sarcoma cells are originated from tumors in bone and cartilage, whose formation and development are highly influenced by mechanical microenvironment. Because the interstitial flow-induced shear stress on bone cells in response to mechanical loading has been found to be 8-30 dynes/cm 2 in vivo (20) , we used a shear stress level of 12 dynes/cm 2 , which would be more relevant to the periphery of tumors (19) , to investigate the roles of shear stress in modulating tumor cell signaling, gene expression, cell cycle, and differentiation. Our results suggest that mechanical forces play significant roles in modulating tumor cell responses and functions (cell cycle and differentiation). Normalization of tumor vasculature has emerged as an important concept in antiangiogenic therapy, and this may alter interstitial flow environment and enhance drug delivery (3, 19) . Our findings suggest that the response of tumor cells to changes in interstitial flow-induced shear force should be considered in the management of the disease.
Another implication of our study is the potential role of shear stress in tumor metastasis. Tumor cells leaving a primary tumor are subjected to shear stress in blood and lymphatic vessels. There is evidence that tumor cell metastasis occurs mainly to some specific tissues/organs, e.g., liver (21), but not to others, e.g., heart and large arterial wall (22) . It is possible that such region-specificity for tumor metastasis is related to the different shear stress/flow patterns. The present findings suggest that tissues/organs receiving laminar shear stress with a large forward component (12 dynes/cm 2 ) would result in G 2 /M arrest of the metastatic tumor cells; such G 2 /M arrest would facilitate the removal of tumor cells by the immune system (23) . There is evidence that disturbed flow with a very low net shear stress has effects on intracellular signaling and cell cycle that are opposite to those of shear stress with a large forward flow (24, 25) . Therefore, it is possible that tumor cells in regions receiving disturbed/low shear flow would not undergo G 2 /M arrest and their metastasis/invasion would thus be promoted. Thus, different flow patterns may have differential actions on tumor cell metastasis or invasion, and the effects of disturbed flow on tumor cell cycle deserve further investigations.
In summary, the present study demonstrated that shear stress induces a G 2 /M cell cycle arrest in tumor cells and inhibits cell differentiation. These shear-induced responses are mediated by ␣ v ␤ 3 and ␤ 1 integrins through their modulations of BMPRIAspecific Smad activation, which leads to changes in expression and activity of cell cycle regulatory protein and inhibition of Runx2 binding activity. It is well accepted that mechanical microenvironment is a fundamental determinant of cell behavior and tissue remodeling (1). The current study advances the new notion that mechanical forces are natural regulators of tumor biology. Our data on shear-modulations of cell cycle and differentiation in tumor cells suggest that mechanical microenvironment of tumor cells may play important roles in tumor development and pathology, and should be taken into account in tumor therapy and management.
Materials and Methods
Materials. Mouse monoclonal antibodies (mAbs) against cyclin E and Cdk2, goat polyclonal antibodies (pAbs) against Smad1/5 and Runx2, and BMPRIAand BMPRIB-specific siRNAs were purchased from Santa Cruz Biotechnology. Mouse mAbs against cyclins A, B1, D1, Cdk-4 and -6, and p21 CIP1 , and rabbit pAbs against p27 KIP1 , Cdk1, phospho-Cdk1(Y15), and phospho-Smad1/5 were purchased from Cell Signaling Technology. Mouse mAbs against human ␣v␤3 and ␤1 integrins were purchased from Chemicon. The dominant-negative mutants of Shc (Shc-SH2) and FAK [FAK(F397Y)] were described (26, 27) . The control siRNA and specific siRNAs of Smad1, Smad5, and ␣v, ␤1, and ␤3 integrins were purchased from Invitrogen. The OCN promoter construct was a gift from Leland W. K. Chung (Department of Urology, Emory University School of Medicine, Atlanta, GA). All other chemicals of reagent grade were obtained from Sigma, unless otherwise noted.
Cell Culture. MG63, Saos2, SCC25, and SW1353 tumor cell lines were obtained from American Type Culture Collection and cultured in DMEM (GIBCO) supplemented with 10% FBS (GIBCO). Cells (Ϸ1-2 ϫ 10 5 cells per cm 2 ) were trypsinized and seeded onto glass slides (75 ϫ 38 mm; Corning) precoated with type I collagen (30 g/ml). The medium was then exchanged with DMEM containing only 2% FBS for incubating the cells for 24 h before the experiment.
Statistical Analysis.
Results are given as mean Ϯ SEM. Statistical tests were performed with an independent Student t test for two groups of data and ANOVA, followed by Scheffé 's test for multiple comparisons. P value Ͻ0.05 was considered significant.
The following procedures are provided in supporting information (SI) Text: flow apparatus, primer designs, flow cytometry, ALP activity assay, RNA isolation and real-time PCR, Western blots, immunoprecipitation, treatments with RGD peptides and antibodies, reporter gene construct, DNA plasmids, siRNA, transfection, and luciferase assays, and EMSA.
